Background: The Latarjet procedure is commonly performed using either the classic or the congruent-arc technique. Each technique has potential clinical advantages and disadvantages. However, data on the anatomic and biomechanical effects, benefits, and limitations of each technique are limited.
When soft tissue stabilization procedures fail or glenoid bone loss is present in the anterior-inferior glenoid, the Latarjet procedure can effectively restore stability. 8, 11, 26, 30, 34, 42 Several techniques have been described since the original description of coracoid transfer to the glenoid by Latarjet. 7, 24, 28, 31, 32 Presently, 2 techniques of coracoid transfer are commonly used clinically. In the classic technique, the inferior surface of the coracoid is fixed to the anterior surface of the glenoid. In the congruent-arc technique, the coracoid is rotated 90°so that the medial aspect of the coracoid is fixed to the glenoid and the inferior aspect of the coracoid becomes ''congruent'' with the articular surface of the glenoid. 12, 14 Excellent results have been published with both techniques, 12, 14, 16, 27, 33, 39 but no clinical outcome studies have been published that compare the results of the 2 techniques. Similarly, little biomechanical research is available investigating the relative advantages and disadvantages of these 2 surgical methods. Potential benefits of the congruent-arc technique include a larger surface to fill the glenoid defect, a radius of curvature that is similar to that of the native glenoid, 2, 15, 35 increased anterior humeral head translation before reaching a nondislocated end point, 9 and decreased contact pressure across the glenohumeral joint. 18 Other potential benefits include increased glenohumeral stability and decreased risk of osteoarthritis, which have been observed in long-term follow-up in Latarjet patients. 1, 39 The congruent-arc technique entails technical challenges, and the advantages of this technique may come at the cost of the biomechanical strength of graft fixation. 20 Furthermore, if the coracoid is too small, the congruent-arc technique might not be technically feasible.
Although both the classic and congruent-arc methods are being used clinically, few published studies have reported clinical outcomes of the congruent-arc technique. Thus, it is difficult to know how complication rates, particularly complications associated with graft fixation, such as nonunion or loss of fixation, compare between the 2 techniques. Several observed complications of the Latarjet procedure, including graft fracture (1.5%), nonunion (9.1%), and osteolysis (59.5%), are likely related, in part, to the stability of fixation of the coracoid to the glenoid. 22 As well, no information is available on how the size of the coracoid may affect fixation with the congruent-arc technique, in which fixation is through a thinner width of coracoid with less surface area provided for graft healing.
The purpose of this study was to evaluate and compare the biomechanical and anatomic differences between the 2 techniques to help surgeons determine which method is best to use based on patients' glenoid bone loss and coracoid anatomy. Our primary hypothesis was that the classic technique would have superior initial fixation (failure load) when compared with the congruent-arc technique and that this would be affected by sex and coracoid size.
METHODS

Study Design
Twenty pairs (N = 40) of fresh-frozen human cadaveric shoulders (mean age, 58 years [range, 41 to 64 years]; 10 male and 10 female specimens) without prior injury, osteoarthritis, or surgical history were included in this biomechanical study. The cadaveric specimens used in this study were donated to a tissue bank for the purpose of medical research and then purchased by our institution. One side of each pair (left or right) of shoulders was randomly assigned to receive either the classic or congruentarc technique of coracoid transfer.
CT Measurements of Bone Mineral Density
Before specimens were prepared for the coracoid transfer, clinical-grade computed tomography (CT) scans were performed on all shoulders to obtain bone mineral density (BMD) measurements. Scans were performed at a 0.5 3 80-mm slice thickness, 120 kVp voltage, 150 mA current, and 750-millisecond exposure time, through use of a helical scan (Aquilion Premium; Toshiba America Medical Systems Inc). BMD was measured by means of computational modeling software (Mimics; Materialise) with a built-in grayscale-to-Hounsfield units (HU) converter at 4 different locations within the coracoid and reported in HU as described by Beranger et al. 4 
Surgical Procedure
The glenoid and coracoid of each specimen were stripped of all soft tissue attachments except for the conjoined tendon. The maximum glenoid width was measured by use of an electronic digital caliper (Fowler Company Inc; manufacturerreported accuracy of 0.02 mm). A 30% defect was calculated and then created anteriorly, parallel to the long axis of the glenoid by use of an oscillating saw. 6, 38 A random number generator was used to assign the right or left shoulder for each male and each female specimen to either the classic or congruent-arc technique. The coracoid osteotomy was performed just distal to the most anterior-distal insertion of the coracoclavicular (CC) ligament insertion by means of an oscillating saw. For the classic technique, the soft tissue on the inferior surface of the coracoid was removed and the oscillating saw was used to remove the outer cortex to create || a bed of cancellous bone for fixation to the glenoid. This was similarly performed on the medial aspect of the coracoid for specimens undergoing the congruent-arc technique. A drill guide (Arthrex) was used to drill parallel holes in the coracoid, 1 cm apart, with a 3.5-mm drill bit. The glenoid was drilled with a 2.5-mm drill bit. Fixation was performed with two 3.5-mm solid titanium, noncannulated cortical screws, 40 mm in length ( Figure 1 ). The glenoid remained attached to the scapula, which was potted in a custommade rectangular prism with polymethylmethacrylate (PMMA; Fricke Dental International).
Anatomic Measurements of Glenoid and Coracoid Anatomy
In addition to measuring the glenoid width, we used a digital caliper to measure the length of the coracoid, the width of the coracoid on the fixation surface (width fixation surface), and the width of the side congruent with the articular surface of the glenoid (width articular surface) at the level of the superior and inferior drill holes. To determine the thickness of the bone remaining on the fixation surface after the graft had been drilled with a 3.5-mm drill, the width of remaining bone on each side of the superior and inferior holes (a total of 4 measurements) was also measured with a digital caliper. The means of the measurements taken at the superior and inferior drill holes were used to calculate the coracoid width fixation surface, coracoid width articular surface, and bone remaining after drilling. To quantify the area available for fixation to the glenoid for each technique and the new surface area created by each technique, glenoid and coracoid surface area measurements were collected by outlining the perimeter of each structure by use of a portable measuring arm with a manufacturer-reported point repeatability of 0.025 mm (Romer Absolute Arm; Hexagon Metrology).
Biomechanical Testing
Biomechanical testing in this study followed a protocol similar to that used by Weppe et al. 41 Force was pulled through the conjoined tendon to replicate the forces experienced by the coracoid graft in the early postoperative period, when abduction and external rotation are restricted, 34 therefore limiting forces acting across the glenohumeral joint. In contrast, the resting tone of the coracobrachialis and short head of the biceps results in a force acting on the conjoined tendon at all times. Because biomechanical testing represents time zero testing, 17 it seems most appropriate to test the force acting on the coracoid through the conjoined tendon, which is present in the days and weeks after coracoid transfer.
The potted scapula was rotated 90°and rigidly secured to the base of the load frame with a table clamp. An inferiorly directed force was applied on the coracoid through the conjoined tendon. The force was applied through a clamp attached to the conjoined tendon and measured with a dynamic testing machine (ElectroPuls E10000; Instron) ( Figure 2 ). Specimens were subjected to 100 cycles between 2 and 20 N at 0.5 Hz followed by a pull to failure at a rate of 10 N/s. Failure load and the load at first macroscopically visible motion (load-to-first-motion) for each specimen were recorded. Load-to-first-motion was determined by a single investigator to be the load in newtons at the time when gross motion of the graft was first visualized by the researcher during the pull-to-failure event, before complete failure. Failure was defined as a precipitous decrease in load or complete separation of the coracoid graft from the glenoid. The primary outcomes were the force required to produce macroscopically visible motion between the graft and the glenoid and the load to completely separate the coracoid bone block from the glenoid (ie, failure load). 
Estimation of Forces on Coracoid Graft
The AnyBody Modeling System 13 was used to estimate the force in the coracobrachialis and the short head of the biceps. The model for the inverse dynamics simulation consisted of the upper body including a total of 26 rigid bodies connected by joints being as close as possible to physiologic characteristics. Muscle recruitment was solved by static optimization according to a third-order polynomial criterion. This was used to estimate forces with the elbow flexed to 90°both with no weight in the hand and with 2 kg in the hand. The force in the coracobrachialis with the elbow bent 90°was estimated to be between 130 and 210 N. The force in the short head of the biceps was estimated to be between 18 and 32 N. This resulted in a combined force of 148 to 242 N with no weight in the hand. Holding a 2-kg weight in the hand increased the combined force in the coracobrachialis and short head of the biceps to between 200 and 340 N.
Statistical Analysis
To address the primary hypothesis of this study, we assessed the failure load of each Latarjet technique while accounting for the size and density of individual coracoid specimens. Specimen sex was assumed to be a simple and clinically relevant proxy for coracoid size and bone density. Mixed-effects analysis of variance (ANOVA) models were built to assess the effect of Latarjet technique (repeated measures on paired specimens) on failure load and load-to-first-motion, adjusted for sex. Initially, an interaction effect was tested to check whether the effect of technique depended on sex. When the interaction term was nonsignificant, the model was reduced to including main effects of each variable only. Model effects (bs) are reported with 95% confidence intervals. Residual analysis was performed to verify that all model assumptions were satisfied. Statistical power for the 2 3 2 mixed-effects ANOVA of technique and sex on failure load was considered a priori. Assuming an overall a = .05 and a 0.5 correlation between repeated measures, we determined that 20 total pairs of specimens were sufficient to detect an effect size of f = 0.33 with 80% power. This power calculation result applies equally to tests of the main effects and tests of the interaction effect, both of which require 1 degree of freedom.
Additionally, comparisons of BMD, surface area, and gross anatomic measurements were made between sexes and between paired specimens by use of Welch's 2-sample t tests and paired t tests, respectively. P values less than .05 were deemed statistically significant. All statistical analyses and graphics were produced by use of the statistical programming language R version 3.2.4. 36, 37 
RESULTS
The study was initiated using 20 paired specimens as described. One pair of male specimens was removed from the final analysis due to testing errors, leaving a total of 10 paired female shoulders and 9 paired male shoulders (38 total) for the final analysis. All results are presented as mean 6 SD unless otherwise stated.
CT Bone Mineral Density
No difference was observed in BMD between the 2 Latarjet techniques or between male and female specimens; BMD was 202 6 118 HU in classic technique specimens, 171 6 106 HU in congruent-arc specimens (P = .276), 207 6 122 HU in female specimens, and 164 6 97 HU in male specimens (P = .233).
Coracoid Gross Anatomic Measurements
The coracoid length, mean coracoid width on the fixation surface, mean coracoid width on the articular surface, and bone remaining after drilling the coracoid are shown in Table 1 . No significant difference was found in coracoid length between the 2 techniques, in which paired specimens were compared. The coracoid width was larger on the fixation side in the classic technique specimens and larger on the articular side in the congruent-arc specimens (Figure 3) . A greater amount of bone remained after drilling in the classic technique specimens. In general, the anatomic measurements were larger in male patients and smaller in female patients, but this did not reach statistical significance for all measurements. 
Glenoid Gross Anatomic Measurements and Glenoid Width Recreated With Coracoid Graft
The mean width of the glenoid did not differ significantly between technique groups (P = .653) and was larger in male specimens (P \ .001, Table 2 ). The mean width of the glenoid defect in all specimens was 8 mm. On average, 120% of the defect was recreated in the classic group and 165% in the congruent-arc group (P \ .001). A mean of 36% of the glenoid width was recreated in the classic group, while 50% was recreated in the congruent-arc group; this indicated that with the classic technique, glenoid defects of up to 36% of the original glenoid width could be filled, compared with 50% in the congruent-arc technique (P \ .001, Table 2 ).
Glenoid and Coracoid Surface Area Measurements
The mean coracoid width at the level of the superior and inferior drill holes was largest in the medial-to-lateral dimension, resulting in a greater surface area for fixation in the classic technique and a larger surface area congruent with the glenoid articular surface in the congruentarc technique ( Table 3 ). The mean surface area available for fixation in the classic technique group was 263 6 63 mm 2 compared with 177 6 63 mm 2 in the congruentarc group (P \ .001). In contrast, the surface area congruent with the glenoid articular surface was 135 6 40 mm 2 in the classic group and 247 6 78 mm 2 in the congruent-arc group (P \ .001). The congruent-arc technique recreated 112% of the glenoid articular surface, compared with 96% in the classic technique (P = .001).
Biomechanical Data
Specimens failed primarily by 2 mechanisms: complete failure of the bone block with a vertical split through the 2 drill holes, or fracture of the inferior portion of the graft through the inferior screw hole. In the classic group, 8 grafts failed at the inferior drill hole and 11 failed through a vertical split through the 2 drill holes. In the congruentarc group, 8 grafts failed at the inferior drill hole and 9 failed through a vertical split through the 2 drill holes, with an additional 2 failing with the intact graft and screws pulling out of the glenoid. Eleven specimens in the classic group demonstrated gross motion at a lower force than failure load compared with 12 specimens in the congruent-arc group (Figure 4 ). Within the 2 3 2 ANOVA models, the technique effect upon failure load and load-to-first-motion did not significantly differ depending on sex; thus, the interaction effect was removed and main effects are reported. The mean and standard deviations for failure load and load-to-firstmotion are shown in Figure 5 . Overall, the failure load was largest in the classic technique compared with the congruent-arc technique group. The mean failure loads were 303 6 114 N and 239 6 91 N, respectively, with the congruent-arc technique resulting in a significantly reduced failure load (b = 264 N; 95% CI, 2105 to 223; Note that the AS of the coracoid in the congruent-arc technique originated from the inferior surface of the coracoid's native anatomic position. Alternatively, the AS of the coracoid in the classic technique originated from the lateral aspect of the coracoid's native anatomic position. P = .005). Failure load was significantly higher in males (P = .037); male specimens had a mean failure load of 344 6 122 N for the classic technique and 289 6 73 N for the congruent-arc technique, and females had a mean failure load of 266 6 98 N and 194 6 84 N, respectively. The mean load-to-first-motion was 262 6 120 N in the classic group and 185 6 104 N in the congruent-arc group, with the congruent-arc technique resulting in a significantly reduced load-to-first-motion (b = 284 N; 95% CI, 2130 to 238; P = .002) regardless of sex. Failure load was significantly higher for male specimens (b = 287 N; 95% CI, 9 to 165; P = .037). Load-to-first-motion was not significantly higher in male specimens (b = 274 N; 95% CI, 213 to 2162; P = .102).
DISCUSSION
The most important finding of this study was that the load to failure for coracoid fixation in the Latarjet procedure was different when comparing the classic and congruentarc techniques. The classic technique created more surface area for healing to the native glenoid and was stronger in this model. In contrast, the coracoid orientation in the congruent-arc technique restored a greater surface area of the glenoid articular surface. This biomechanical and anatomic data suggest that an individual patient's glenoid and coracoid anatomy should be considered when selecting the technique for coracoid transfer. The anatomic data gathered for this study correspond to previous studies assessing glenoid and coracoid anatomy. This has important clinical applications. For example, Mook et al 34 recently showed that measuring coracoid size preoperatively might be useful in predicting outcomes when performing the Latarjet procedure for combined glenoid and humeral defects. If the predicted glenoid track remains off-track with a classic Latarjet, it is conceivable that a congruent-arc technique, with greater coracoid width used to recreate the glenoid articular surface, might be preferred. If the coracoid is too small, an alternative graft source might be preferable. This concept is further supported by the work of Boons et al, 9 who found no difference between the 2 techniques in rotational range of motion or joint stiffness but found greater anterior humeral head translation before reaching a stable nondislocated endpoint in the congruent-arc technique.
In this study, the coracoid length was measured from the most distal aspect of the CC ligament insertion on the coracoid to the distal tip of the coracoid. The mean coracoid length was 24.6 mm, with males having a mean of 25.3 mm and females 23.9 mm. To date, the largest study of coracoid anatomy, performed on 100 cadaveric specimens, reported a mean coracoid length of 23.1 mm in males and 18.5 mm in females. 29 Ljungquist et al 29 measured the coracoid length from the ''knee'' to the tip of the coracoid. Similarly, in the largest study of living patients undergoing a Latarjet procedure with an osteotomy performed at the junction of the vertical and horizontal parts of the coracoid process, Young et al 43 found a mean coracoid length of 26.4 mm in 76 patients, with a mean of 26.6 mm in male patients and 24.8 mm in female patients. The knee, or junction of the horizontal and vertical parts of the coracoid, as used in these studies, represents a rounded area without an objective location to create the osteotomy. Our data suggest that the distal insertion of the CC ligaments provides a reproducible and easily identifiable location to perform the osteotomy and yields a sufficient graft size for coracoid transfer. The glenoid width recreated in our study was 36% when the classic technique was used and 50% when the congruentarc technique was used. Previous literature suggests that the classic Latarjet procedure can fill a defect of approximately 30% to 35%. 2,10,29 Ljungquist et al 29 performed a cadaveric study to determine the ratio of coracoid thickness to glenoid width, whereby the preoperative glenoid width as measured by CT scan could be used to estimate the coracoid thickness and therefore the defect size that could be filled with a particular patient's coracoid; the investigators found a ratio of 35.4% in males and 34.4% in females. Similar conclusions were drawn by Armitage and colleagues, 2 who used CT scans in a mixed cohort of male and female patients and found that on average, the classic technique filled a 36% defect and the congruent-arc technique a 53% defect in the glenoid. Our measurements were taken after the coracoid graft was prepared (decorticated) for transfer and therefore reflect the true glenoid width recreated during a Latarjet procedure. These radiographic findings and our gross anatomic findings demonstrate the ability of the congruent-arc technique to fill a glenoid defect of approximately 50% of the glenoid width, suggesting a role for the congruent-arc technique in addressing very large glenoid defects, typically necessitating an allograft transfer. However, some authors have proposed that graft osteolysis may occur if a larger than necessary graft is used, as the graft does not experience adequate forces from the humeral head and subsequently resorbs in accordance with Wolff's law. 19 This may be an unintended consequence when a smaller defect is filled by means of the congruent-arc technique and thus may require reducing the width of the graft before fixation.
With regard to failure load for fixation of the classic and congruent-arc techniques, our findings indicated that the classic technique failed at a larger load. This was demonstrated in both male and female specimens. This may be important clinically, particularly in older patients whose BMD may be diminished. Only one other study has compared graft failure loads for the classic and congruent-arc techniques. Giles et al 20 compared coracoid graft displacement and graft failure loads between the 2 techniques, reporting that forces applied directly across the glenoid were 557 N to failure for the classic method compared with 392 N for the congruent-arc technique. In their comparison, a medially directed force was placed on the transferred coracoid to replicate forces on the glenohumeral joint. Estimations of forces on the glenohumeral joint are inconsistent in the literature, with estimations of weightless abduction forces ranging from less than 100 N to greater than 600 N, depending on the study. 5 Giles and colleagues' findings suggest a difference in graft failure loads between the 2 techniques that is likely to be most relevant after the initial postoperative period, when the arm is immobilized in a sling and the glenohumeral joint is not exposed to forces of this magnitude.
Although reported clinical outcomes of the Latarjet procedure are generally positive, 12, 16, 27, 33, 34, 39 a number of complications have been reported. 40 In particular, complications related to graft fracture, 23, 31 screw migration, nonunion, 3 and osteolysis have been reported commonly in the literature and are likely due in part to a lack of stability of the initial fixation construct. In Hovelius and colleagues' 25 report of 319 shoulders undergoing coracoid transfer with the coracoid tip fixed with a single malleolar screw, radiographs showed fibrous union in 13% of patients and graft migration of 0.5 cm or more in 5% of patients. A systematic review of 45 studies with 1904 shoulders found a 9.1% rate of nonunion or fibrous union. 21 Graft osteolysis has been seen in up to 17% of patients at long-term follow-up, 1 and a CT imaging study demonstrated that a mean of 59.5% of the entire coracoid graft underwent osteolysis in 26 patients. 16 In Boileau and colleagues' 7 series of 70 patients undergoing arthroscopic Latarjet, nonunion of the graft was seen in 20% of patients and graft osteolysis in an additional 7%; bone block nonunion or migration was not associated with persistent instability but was associated with persistent apprehension and lower rate of return to sport.
In the current study, our results suggest a clinically meaningful difference in initial fixation strength between the classic and congruent-arc techniques of coracoid transfer, which is relevant to the early postoperative course and rehabilitation after coracoid transfer. Our data using the AnyBody Modeling System estimated the force acting on the coracoid from the conjoined tendon to be between 148 and 242 N with no weight in the hand, increasing to 200 to 340 N with a 2-kg weight in the hand. The mean failure load and mean load-to-first-motion in female specimens in the congruent-arc group were 194 N and 136 N, respectively. Additionally, the minimum failure load and loadto-first-motion were 66.1 N and 52 N, respectively, in congruent-arc specimens. These data suggest that female patients undergoing coracoid transfer with the congruent-arc technique are at high risk of graft motion and possibly graft failure in the early postoperative period until graft healing occurs and may require a more conservative postoperative protocol. Additionally, we found a much larger surface area available for fixation in the classic group, suggesting a higher likelihood of graft union.
Several limitations must be taken into consideration when interpreting the results of this study. This is a biomechanical study using cadaveric specimens with a mean age of 58 years. The Latarjet procedure is most commonly performed in patients in the second and third decades of life, when bone density is higher. 4 In fact, the bone density of the coracoid has been studied and was found to decrease with age. 4 This variable must be taken into consideration when interpreting the results of the study. The removal of 1 pair from the analysis resulted in slightly lower statistical power to detect the a priori stated effect size. Additionally, we used sex in this study as a proxy for coracoid size. The CT data showed no difference in BMD between male and female specimens, which could be a confounding variable when sex is used as a proxy for coracoid size. Given the age of the specimens, it is likely that some difference in BMD exists between male and female coracoids, and the study may have been underpowered to detect such a difference. Also, 3.5-mm cortical screws were used as fixation for our graft, which is the method we commonly use clinically. However, different options for graft fixation, including different screw diameter and pitch, may have yielded different results. Additionally, no method other than clinical judgment was used to standardize the torque when securing the graft or for visualization of first gross motion of the graft during the pull-to-failure event. Last, our model did not take into account the effect of the soft tissues and humeral head forces that may have influenced the force of the conjoined tendon acting on the coracoid. In particular, the subscapularis split, which is performed clinically, likely changes the direction of the pull of the conjoined tendon and therefore the forces of the conjoined tendon on the coracoid graft.
In conclusion, the classic technique of the Latarjet procedure allows fixation through a thicker cross section of the coracoid and provides a greater surface area for healing to the glenoid. Additionally, the biomechanical strength of fixation of the coracoid to the glenoid is greater in the classic technique, with failure load and load-to-firstmotion values often lower than estimated forces seen by the coracoid when the elbow is held at 90°without any weight, particularly in female specimens with smaller coracoids. In contrast, the congruent-arc technique offers a greater ability to recreate a larger anterior-inferior glenoid defect. Taken together, these results suggest that both techniques are viable options in male patients with up to a 35% glenoid defect, whereas the congruent-arc technique is necessary with defects from 35% to 50% of the width of the glenoid. In female patients, or in male patients with a smaller coracoid in which graft failure load is lower with the congruent-arc technique, the classic technique may be more appropriate.
